We propose the new quark mean-field bag (QMFB) model by incorporating the bag confinement mechanism in the original quark mean-field model. The properties of nuclear matter and neutron star are studied with QMFB. For the study of the bag effect, we newly fit 12 new parameter sets by reproducing the empirical saturation properties of nuclear matter. Quark confinement is found to be mainly demonstrated by the bag after it is included in the model, instead of the confining potential. For nuclear matter, the bag decreases the binding energy and increases the symmetry energy. For neutron star, the bag affects significantly the radius R of a 1.4M star, with the maximum mass only slightly modified. The bag also has a large suppression effect on the well-accepted R vs L dependence, with L the symmetry energy slope at saturation density.
I. INTRODUCTION
The properties of nucleon in medium may be different with those in free space through the implication of the EMC effect, although other interpretations such as the effects the pion enhancement are not excluded [1, 2] . Recently the effective influence on the properties of nuclear matter and neutron star from nucleon radius in free space has been discussed [3] [4] [5] . Therefore it is important to study from the quark level, from which the properties of nucleon in nuclear medium can be obtained selfconsistently.
In 1988, Guichon proposed the quark meson coupling (QMC) model to study nuclear matter [6] . This model mimics the relativistic mean-field theory, which describes the nuclear interaction as the exchange of scalar and vector mesons. But in QMC the meson fields couple with quarks instead of with nucleons, where the properties of nucleon vary from free space in nuclear medium because of the meson coupling. The nucleon internal structure is described by the MIT bag model, where three quarks have a current quark masss ∼ 5 MeV and are confined by a spherical bag. This model has been extended to study finite nuclei, hypernuclei and neutron star in the following years [7] [8] [9] [10] .
On the other hand, a new interesting model was built by Toki and his collaborators [11, 12] , where the quarks are confined not by the bag but by a harmonic oscillator potential. The quarks in nucleon are described as the constituent quarks, which acquire masses from the spontaneous chiral symmetry breaking. The model is named * zhenyu19921204@live.com † liang@xmu.edu.cn ‡ hujinniu@nankai.edu.cn § songtc@nankai.edu.cn as quark mean-field (QMF) model and has also been extended and applied also to several observables of nuclear many-body systems [5, [13] [14] [15] [16] .
The confinement mechanism of harmonic oscillator potential was also proposed in the QMC model [17] [18] [19] , with the quark mass in these works ranging from 40 MeV to 5000 MeV. Furthermore, recent works from Barik and his collaborators developed the modified QMC model, where the center-of-mass (c.m.) corrections, the pionic and gluonic corrections were taken into account and three parameter sets with quark mass of 40, 50, 300 MeV were fitted [20] [21] [22] . Meanwhile the same model were studied with constituent quark mass of 250, 300 and 350 MeV in the name of QMF model [23] [24] [25] . Therefore, the criterion of QMF and QMC model becomes obscured.
In the present work, a new model in the name of quark mean-field bag (QMFB) model is proposed, by taking both bag and potential into account. It can be regarded as a hybrid model of QMF which confines constituent quarks with a potential and QMC which confines current quarks with a bag. The quarks in QMFB are considered as constituent quarks and possess a mass closing to 300 MeV. The central potential can be understood as a mean-field treatment of the interaction between quarks, accounting for the interactions and spin correlations between quarks. The properties of nuclear matter and neutron star will be studied in the present QMFB model and the bag effects are explored in details by comparing the results with those of the original QMF model. The paper is organized as follows. We provide the details of the QMF formula with or without bag in Sec. II. The properties of nuclear matter and the parameters of meson coupling are given in Sec. III, before the investigation of the neutron star matter in Sec. IV. Finally in Sec. V is the summary of this work.
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II. QUARK MEAN-FIELD MODEL
In QMF, we first construct a nucleon system with three confined quarks before studying the many-body problems. Since the discussion will be done for the comparisons of QMF model with and without bag and the impact of the confining bag, so the details of both model are given for completeness.
A. QMF without bag
The QMF model without bag originates from the work of Refs. [20] [21] [22] , then is further used to study finite nuclei and hypernuclei [23] [24] [25] . The confinement of this model is achieved by a potential with a harmonic oscillator form, and the quarks in nucleons are thought as the constitute quarks, whose mass are about 300 MeV.
We start with the Dirac equation of the confined quarks:
where g σq , g ωq and g ρq are the coupling constants of quarks with σ, ω and ρ mesons, with q representing up and down quarks. m q and e q represent the mass and energy of quarks, respectively. The confining potential U (r) has a harmonic oscillator form:
where the parameters a and V 0 are constants which can be determined by reproducing reasonable nucleon mass M N and radius R in free space. With two new defined quantities m * q , e * q , the equation can be written as a more compact form:
where
This equation can be solved exactly and its ground state solution for energy is
, and the solution for wavefunction is
With the phenomenological potential, the zeroth-order energy of the nucleon core E 0 N = q e q is obtained. But some other effects that are not taken into account inside the nucleon also play important roles. In this work the first-order contribution of c.m. correction, pionic correction and gluonic correction are taken into account for the nucleon core energy.
For the c.m. correction, the energy contribution can be written as
For pionic correction,
and
The constants m π = 140 MeV and f π = 93 MeV are the mass of π meson and the phenomenological pion decay constant, respectively. For gluonic correction,
and α c = 0.58 is a constant. With these corrections on energy, we can then determine the mass of nucleon:
The nucleon radius in QMF model is written as
Two parameters in the confining potential of Eq. (2) are then determined to be a = 0.534296 fm −3 and V 0 = −62.257187 MeV, by reproducing the mass M N = 939 MeV and radius r N = 0.87 fm.
B. QMF with bag
In the QMFB model, an additional bag is introduced in describing the nucleon system. It takes into account both the potential and bag to describe the interaction of constituent quarks (with masses of 300 MeV) in nucleon. The potential again has a harmonic oscillator form and the bag excludes the probability of finding a quark outside a region. The Dirac equation for quarks shares the same form with Eq. (1), but the potential U (r) is different,
where the R is the radius of the bag (treated as the radius of nucleon) and a equals 0.534296 fm −3 , same as in the model without bag. When a → 0, the QMFB model goes back to QMC.
The solution for the Dirac equation of quarks inside the bag (r < R) can be written as:
For ground state, n = 1, l = 0,l = 1. Then the radial equation for F (r) is
. (17) We rewrite this equation with H(r) = F (r)/r,
When r → 0, the equation becomes
The second term gives an infinite value at r = 0, so we neglect it. When r → ∞, the equation becomes
where α = − a(e * q + m * q ) . We neglect exp(−αr 2 /2) because it approaches to infinity when r → ∞. Combining these asymptotic behavior, we have a form of H(r) as
Substitute this formula into Eq. (18), we obtain
. Subsequently, we use ξ to represent −αr 2 and rewrite Eq. (22) as
and β = l +3/2. This is a confluent hypergeometric equation and its solution can be written as 1 F 1 (λ, β, αr 2 ). The solution 1 F 1 is called confluent hypergeometric function and it is an infinite series,
. So the solution of ground state for Eq. (17) is
where η = κ/(4α) + 3/4. G(r) in Eq. (16) is
where N is the normalizational constant. The fact of prohibiting quarks flux outside the bag demands a boundary condition
This equation can be used to determine the kinetic energy of quarks e * q . The total energy or the mass of nucleon can be written as:
where Z 0 is the zero-point energy parameter and B is the bag constant. These two parameters will be determined by the mass and radius of nucleon in free space.
In numerical procedure, we first give the model parameters: m q , a, Z 0 , B, then calculate the nucleon mass using Eq. (27) by varying the radius R. After getting the nucleon mass as a function of R, we determine the resulting mass M N and radius R by the stable condition,
Finally Z 0 = 4.5445260 and B = 64.5136659 MeV/fm 3 are obtained by fitting the mass and radius of free nucleon.
III. NUCLEAR MATTER AND SYMMETRIC ENERGY
To carry out the study of many-body problems in QMF model, the meson-exchange scenario is employed to describe the nuclear interaction. The meson-coupling Lagrangian is given as:
where g ωN and g ρN are the coupling constants of ω and ρ mesons with nucleons. From the quark counting rule, we obtain g ωN = 3g ωq and g ρN = g ρq . m σ , m ω and m ρ denote the mass of σ, ω, and ρ mesons, respectively. Their values, m σ = 510, m ω = 783, and m ρ = 770 MeV, are fixed in this work. The effective nucleon mass M * N here is a function of σ field and depends on the parameter g q σ , which is determined by the previous step. The last term of the Lagrangian is the coupling term of ω meson and ρ meson. It is added to achieve a reasonable value of the symmetric energy slope at saturation density. The nonlinear terms of σ meson are introduced here, while that of ω meson is not. The reason as explained in Ref. [26] , is to fulfill the observed 2-solar-mass constraint [27] [28] [29] with empirical saturation properties.
The Lagrangian has six parameters, which are determined by reproducing emperical properties of nuclear matter at saturation density. So six quantities that measured by terrestrial experiments are chosen, the saturation density ρ 0 , and and the corresponding values at saturation point for the binding energy E/A, the symmetric energy E sym , incompressibility K, the symmetry energy slope L, and the effective mass M * N . The experimental values for these quantities are collected in Table I . In particular, we use the most preferred values for (K, J, L) as recently suggested in Refs. [30, 31] , namely K = 240 ± 20 MeV, J = 31.6 ± 2.66 MeV, and L = 58.9 ± 16 MeV. We then fit 12 parameter sets, 6 for QMF with bag and 6 for QMF without bag, for the study of nuclear matter and neutron stars.
The obtained (g σq , g ωq , g ρq , g 2 , g 3 , Λ v ) values for each parameter set are shown in Table II . One can see that ω, ρ coupling constants stay unchanged after the bag is included in the model, which demonstrates that the bag merely affects the scalar meson. It is reasonable because the bag is introduced in describing properties of nucleons, which is merely correlated with the σ coupling.
By variation of the Lagrangian, the equations for the measons in mean-field approximation are obtained:
is the Fermi momentum for neutron (proton), ρ N = ρ p +ρ n and ρ 3 = ρ p −ρ n that equals 0 in symmetric nuclear matter.
The value of meson fields will be obtained by solving Eqs. (30)−(31). The energy density and pressure can be generated by Legendre transformation from the Lagrangian:
Then the properties of nuclear matter can be determined. The expressions of other quantities in Table I are written in the following. For the symmetry energy,
where For the slope of symmetry energy L at saturation,
Note here that the symmetry energy slope L is solely determined by g ρq and Λ v . This dependence of L is obviously in Eq. (35) and Eq. (37). The effective nucleon mass and radius as functions of baryon density for symmetric nuclear matter are displayed in Fig. 1 . We compared the results with and without bags for different values of K. One may notice that the effects of K and bag on effective mass are weak at density below ∼ 2ρ 0 , which is largely because the effective mass is fixed at saturation density for all parameter sets. The bag effects become evident at density higher than ∼ 2ρ 0 and clearly decrease the effective mass. However, the influence of K on effective mass is weaker and negligible even at high density in the case without bag. For the radius of the nucleon, the model with and without bag show different tendencies. The radius keeps increasing with density in the model without bag. While in the model with bag, the radius increases first, then after a peak value (∼ 0.883 fm) it begins to decrease. From this and also our previous work [5] , we can argue that in the QMFB model for the contribution from quark confinement, the potential may be important at low density, while the bag becomes dominant when the density is high.
The binding energy per baryon and pressure as functions of density for nuclear matter are displayed in Fig. 2 . The pink region denotes the constraint from heavy-ion collision (HIC) experiment [32] . Both the models with bag and without bag can satisfy the HIC constraint. A large K apparently increases the binding and pressure because K is defined as the derivative of pressure of nuclear matter at saturation density. However its influence is much weaker than that of the bag and is suppressed in the model without bag. The including of bag clearly decreases the binding energy and pressure since it enhances the attractive σ − N coupling, as can be seen from the upper panel of Fig. 1 .
Before the discussions on neutron stars we present in Fig. 3 the symmetry energy as a function of density. Results for L = 40, 60 and 80 MeV for both QMF models are presented, with fixed K = 240 MeV for all sets. Various laboratory constraints [33] [34] [35] are also shown. One can see that the symmetry energy at subsaturation density is weakly affected by the bag, so the present experimental data can effectively constrain the value of L in the present model. Among all the cases, we notice that the set with L = 40 MeV lies inside all experimental boundaries. The bag effects becomes considerable at high density. To be opposite with the pressure case as shown in Fig. 2 , the symmetry energy is stiffened when the bag is included in the model. This effect from the bag can be clearly observed in Eq. (35) . The second term is identical for both cases since the coupling constants g ρq and Λ v are independent on the models, while the first term are affected by the effective mass of nucleon. A less effective mass obtained in QMFB results in less nucleon energy and consequently enhance the symmetry energy. The incompressibility K is fixed at 240 MeV for all sets. The colorful shadow regions denote the constraints from IAS (silver) and from IAS+skin (gold) [33] , from the αD (cyan) [34] and from HIC (pink) [35] , respectively.
IV. NEUTRON STAR
For the study of neutron star matter, the contribution from leptons has to be included,
The contributions from leptons for energy density and pressure is
respectively. Then the conditions of β-equilibrium and charge neutrality have to be considered,
where µ p , µ n , µ e , and µ µ denote the chemical potential of proton, neutron, electron, and muon, respectively. 
The mass-radius relations of neutron stars for QMF models with and without bag are displayed in Fig. 4 , with fixed L = 40 MeV and two values of K = 240, 260 MeV. As expected from Fig. 2 , K has a much weaker effects than the bag. Particularly, the bag effect are significant on the radius (∼ 0.7 km) though it is small on the maximum mass. This is because that the bag will increase the symmetry energy (as seen from Fig. 3 ) and stiffen the EoSs of neutron stars below 0.53 fm −3 (a density around the center density of a 1.4 M neutron star).
The symmetry energy presented in Fig. 3 shows considerable effects of L, which is essential for determining the radius of neutron star, i.e., well-accepted R vs L dependence [26, [36] [37] [38] . Therefore, we further present in Fig. 5 the influence of L on the mass-radius relations, together with the corresponding EoSs. The radius of 1.4M star clearly increases as L varying from 40 MeV to 80 MeV, because the EoS increases its stiffness. In the model without bag, the radius is around 11.7 km with L = 40 MeV, and is increased by 14 % to around 13.7 km with L = 80 MeV. However the bag suppresses the effect of L on neu- tron star radius, that is, the radius is increased for small value of L (40 MeV) and is decreased for large value of L (80 MeV) in QMFB model. The corresponding increase of the radius is merely 3.9 %, with 12.2 km for L = 40 MeV and 12.7 km for L = 80 MeV.
V. SUMMARY
In this work we have introduced the bag to describe the confinement of quarks in QMF model, the new QMFB model. In the case of model with bag, the Dirac equation for quarks is solved and the contribution from zero-point energy and bag constant are included. Furthermore, the nuclear matter and neutron star are studied by employing the meson-exchange scenario and the comparisons are done for models with and without bag. Therefore, 12 new parameter sets for describing the nucleon-nucleon interaction are obtained by fitting the empirical properties (E/A, E sym , K, L, M * N /M N ) of nuclear matter at saturation density ρ 0 .
We have shown that the confinement is mainly demonstrated by the bag after it is included in QMF model. For nuclear matter, the bag mainly decreases the binding energy and increases the symmetry energy. For neutron star, the radius for 1.4M neutron stars is significantly modified by the bag effects with the maximum mass only slightly modified, similar with the well-known L vs R correlation. Nevertheless, the L effect on radius is suppressed after the bag is introduced in the model.
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